Introduction
For all five houses, dynamic thermal simulation and energy modelling was carried out to which measured with an official indicator of 10%, is above the UK national average of 15%
136
(BEIS, 2017), where affordable warmth is the main concern. Substandard housing, which are often hard to heat, is estimated to cost the National Health Service (NHS) some £2.5 billion a year through building-associated health-related issues (National Housing Federation/ losses by pre-heating the supply air through recovering heat from the stale exhaust air.
164
MVHR can also improve indoor air quality by providing a constant rate of fresh air. It works 165 well in an airtight house, however, for a property with poor airtightness, or if the system is 166 not correctly installed or commissioned, it can potentially increase energy use (White, 2016) .
167
Electrical energy demand can be reduced using LED lighting and energy-efficient appliances. 
172
Building integrated renewable energy supply can be used to contribute to the reduced energy 3. An optimum package of measures for each house was selected, considering budget limit
197
and work timetables, and the installation took place. Acceptability of budgets and
198
operational maintenance issues were discussed with the social landlords. internal wall insulation applied to the front elevation to retain the external stone finish. Air leakage measurements were carried out before and after the retrofit to assist in the 220 modelling exercise, and the results are presented in Table 2 . The air leakage rates for an The costs of retrofitting were in the range £23,852 to £30,510 (Table 1) , which is at least 50% 235 lower than the earlier UK government programme of retrofits (Baeli, 2013) electricity generated by the solar PV was estimated using information from the UK
260
Government's feed-in tariff scheme (Ofgem, 2017).
261
The five retrofit properties are located between Cardiff and Swansea, in South Wales, UK.
262
The modelling used the following information: ventilation rate was based on measurements from the air leakage tests (see Table 2 ),
278
which was further adjusted for monthly wind speed and ventilation system (BRE, 2014). 
291
Three types of monitoring data were collected, as follows:
292
(i) Weather data, including external air temperature, wind velocity, global horizontal solar 293 radiation, relative humidity, ambient air pressure and rainfall.
294
(ii) Comfort related data, including indoor temperature in the main living spaces.
295
(iii) Metered energy data associated with the solar PV, inverters, batteries, MVHR, heating, 296 and electrical appliances. 
Results

299
The analysis of modelling and monitoring was carried out using the following approach:
 Modelling was applied to estimate the potential retrofit improvements and select the final 301 package of measures for each house.
302
 Monitoring was used to measure the post-retrofit performance.
303
 The modelling and monitoring results were combined to further understand the impact of 304 the retrofit measures. This process used the on-site weather data, the measured indoor air 305 temperatures, and measured hot water and cooking loads.
306
 Further modelling was used to explore optimising battery performance. Table 3 .
312
Electricity savings range from 37% to 84%, and gas (space heating and domestic hot water 313 heating) savings generally range from 6% to 56%. Retrofit 3 had little improvement to its 314 fabric and no predictable impact from other measures. CO2 emission reductions range from 315 49% to 74%. Cost savings range from 52% to 85%, which equates to between 402 and 661
316
£/annum based on current gas and electricity costs and feed-in tariffs. 
Comparing monitoring and modelling results
322
The post-retrofit values from the monitoring and modelling results are presented in Table 4 . Figure 4 compares the overall annual electricity consumption for the modelled and monitored 344 results, together with the UK average domestic annual gas consumption for reference. The 
370
The modelled and monitoring results compare quite well and the modelling indicates significant energy savings from the application of thermal insulation to the external envelope 372 as summarised in Table 3 . houses. Figure 7 compares the retrofit electricity consumption for three cases: before retrofit,
385
after retrofit with battery storage (10 kWh Li) and after retrofit without battery storage. The battery storage provides a greater proportion of PV electricity to the house than would be 387 used directly from the PV panels. Without the batteries there is greater export to the grid.
388
There are losses associated with battery storage, but these are predicted to be relatively small.
389
The imported electricity cost and the generation and export electricity incomes are calculated 390 using the existing feed-in tariff arrangements for generation and export (13.19 P/kWh import; 
Conclusion
414
The analysis of the five retrofit houses has indicated the potential for significant reductions in 415 energy use, CO2 emissions and energy costs. This is achieved using a whole house approach, will be easier to justify. Energy retrofitting will also reduce fuel poverty, which will in turn 424 improve the health and well-being of occupants, and potentially reduce the load on the health 425 and social services.
426
The combination of energy modelling and monitoring has improved understanding the energy reduced, they will become economically viable.
433
As whole-house retrofit scales up in numbers, the costs will be further reduced. 
